Circadian clocks are a great evolutionary innovation and provide competitive advantage during the day/night cycle and under changing environmental conditions. The circadian clock mediates expression of a large proportion of genes in plants, achieving a harmonious relationship between energy metabolism, photosynthesis, and biotic and abiotic stress responses. Here it is shown that multiple paralogues of clock genes are present in soybean (Glycine max) and mediate flooding and drought responses. Differential expression of many clock and SUB1 genes was found under flooding and drought conditions. Furthermore, natural variation in the amplitude and phase shifts in PRR7 and TOC1 genes was also discovered under drought and flooding conditions, respectively. PRR3 exhibited flooding-and drought-specific splicing patterns and may work in concert with PRR7 and TOC1 to achieve energy homeostasis under flooding and drought conditions. Higher expression of TOC1 also coincides with elevated levels of abscisic acid (ABA) and variation in glucose levels in the morning and afternoon, indicating that this response to abiotic stress is mediated by ABA, endogenous sugar levels, and the circadian clock to fine-tune photosynthesis and energy utilization under stress conditions. It is proposed that the presence of multiple clock gene paralogues with variation in DNA sequence, phase, and period could be used to screen exotic germplasm to find sources for drought and flooding tolerance. Furthermore, fine tuning of multiple clock gene paralogues (via a genetic engineering approach) should also facilitate the development of flooding-and drought-tolerant soybean varieties.
Introduction
Changing weather patterns around the world cause huge variation in average rainfall and storms that result in drought and flooding conditions. Drought and flooding have a major effect on yield reduction in crop plants (Valliyodan and Nguyen, 2006; Bailey-Serres and Voesenek, 2008; Manavalan et al., 2009; VanToai et al., 2012) . Increasing food supply is critical to meet the growing demand, especially under changing environments. Different soybean [Glycine max (L) Merr.] breeding and development programmes from around the world have identified drought-tolerant soybean lines with good yield potential under drought stress. Soybean has abundant genetic diversity in exotic germplasm for yield under drought conditions (Manavalan et al., 2009) ; however, US soybean cultivars have a very narrow genetic base (Carter et al., 2006) . Thankfully, genetic variation exists for flooding tolerance in the soybean germplasm, and various mapping populations have now been developed to map and understand the underlying genetic variation for flooding tolerance (VanToai et al., 1994 (VanToai et al., , 2001 Sayama et al., 2009; Nguyen et al., 2012) . Quantitative trait loci (QTLs) for flooding tolerance have recently been mapped using recombinant inbred lines derived from a cross between the flooding-susceptible and tolerant parents S99-2281×PI 408105A, respectively, under greenhouse and field conditions (Sayama et al., 2009; Nguyen et al., 2012) . However, no detailed knowledge exists for the genetic and molecular mechanisms involved in flooding and drought tolerance in soybean.
Since flooding or submergence tolerance has been well studied in rice (Oryza sativa) and the genes underlying response to shallow or deep flood have been characterized, these gene sequences were used as queries to find their orthologues in soybean and study their potential role in flooding tolerance in this species. In rice, two opposite adaptive responses involving escape [elongation of internodes mediated by gibberellic acid (GA)] or quiescence (slow growth and starch metabolism to conserve energy and survival) are mediated by the multigenic SNORKEL-1, SNORKEL2 (SK1 and SK2) and SUBMERGENCE-1A, B, and C (SUB1A, SUB1B, and SUB1C), respectively (Xu et al., 2006; Hattori et al., 2009 ). All O. sativa accessions contain SUB1B and SUB1C genes, but SUB1A is only present in limited indica and aus cultivars. Increased levels of ethylene under submerged conditions trigger expression of both SUB1 and SK genes. In submergence-tolerant rice varieties, expression of SUB1A ultimately limits ethylene production and reduces responsiveness to GA through up-regulation of two negative regulators (SLR1 and SLRL1) of GA signalling (Fukao et al., 2011) . This mechanism results in reduced consumption of carbohydrates and growth (quiescence), allowing plants to survive complete submergence for up to 2 weeks. On the other hand, SK1 and SK2 trigger accumulation of bioactive GA in the submerged internodes and initiate their elongation and rapid gain in height to escape flood waters. SUB1A also confers drought tolerance by reducing leaf water loss and lipid peroxidation, and by increased expression of genes associated with acclimation to drought, namely DREB1 genes and AP59 (Fukao et al., 2011) . SUB1A increases sensitivity to abscisic acid (ABA) and reduces accumulation of reactive oxygen species (ROS) during drought as well as de-submergence after a recent flood has subsided. This is supported by the SUB1A-mediated increase in ROS scavenging enzymes increasing oxidative stress tolerance (Xu et al., 2006; Perata and Voesenek, 2007; Fukao and Bailey-Serres, 2008; Fukao et al., 2011) .
One third of Arabidopsis thaliana genes are under the control of circadian clock genes as assessed by enhancer trap studies . The ability of the circadian clock to predict environmental changes and finetune physiology and metabolism presumably buffers against environmental variations and provides fitness advantages (Green et al., 2002; Dodd et al., 2005) . Furthermore, there is a significant overlap between clock-regulated genes and those affected by different abiotic stresses (Covington and Harmer, 2007; Matsui et al., 2008; Mizuno and Yamashino, 2008) . Studies have shown that the circadian clock also controls many genes that are directly or indirectly involved in ABA biosynthesis, which is a key hormone involved in abiotic stress responses (Covington et al., 2008; Matsui et al., 2008; Mizuno and Yamashino, 2008) . The circadian clock regulates the level of ABA throughout the day/night cycle, and many arrhythmic clock mutants and transgenics are compromised in their response to abiotic stresses (Covington and Harmer, 2007; Sanchez et al., 2011) . Furthermore, the circadian clock controls the rate of degradation of starch to ensure an optimal carbon supply and continued growth during the night (Graf et al., 2010; Graf and Smith, 2011) . Since slowing down of starch metabolism is a general mechanism in rice under flooding conditions during the quiescence strategy, it is conceivable that starch metabolism during flooding and drought response may also be controlled/gated by the circadian clock in soybean. Drought responses in Arabidopsis are mediated by the cross-talk between the circadian clock, levels of ABA, and an ABA receptor-like protein (ABAR/ CHLH/GUN5) (Legnaioli et al., 2009 ). An evening-phased core clock component TIMING OF CAB EXPRESSION 1 (TOC1) binds to the promoter of ABAR/CHLH/GUN5 and controls its circadian expression. TOC1 is acutely induced by ABA, and this induction advances the phase of TOC1 binding and modulates ABAR circadian expression. This gated induction of TOC1 by ABA is disrupted in ABAR and TOC1 RNAi/overexpression lines, indicating that reciprocal regulation between TOC1 and ABAR is important for sensitized ABA activity in plants undergoing drought conditions (Legnaioli et al., 2009) .
Flooding tolerance in rice is mediated via a few master controllers, SUB1A, and SK1 and SK2 genes for quiescence and escape strategies, respectively. SUB1A also play a role under drought conditions (Fukao et al., 2011) ; however, this mechanism is totally unique in rice as, after a flooding event and subsequent re-oxygenation, vegetative tissues undergo dehydration although the soil contains sufficient water (Fukao and Bailey-Serres, 2008; Bailey-Serres et al., 2012; Fukao and Xiong, 2013) . This is fascinating as flooding and dehydration tolerance is achieved by SUB1A and it is possible that species which encounter similar patterns of drought and flooding during their lifetime and possess orthologues of SUB1-like genes may use similar strategies to counter flooding and/or water deficit conditions. Furthermore, with recent changing weather patterns, US soybean-growing areas experience periods of flooding and drought in the same season, which significantly affects crop quality and yields. Therefore, understanding the mechanism of flooding and drought tolerance and breeding cultivars with both traits is extremely important. Furthermore, single master controllers have not been found for drought and flooding stresses because plant responses mediated by various phytohormones elicit a cascade of complex transcriptional, biochemical, and physiological responses. This is why progress to develop drought-tolerant soybean varieties has been slow despite huge investments and decades of hormone, physiology, and genomics research (Deshmukh et al., 2014) . It was therefore reasoned that if soybean has orthologues of SUB1, SK1, and SK2 genes, they may also play a role in flooding and drought tolerance in soybean. However, the roles of SUB1 and SK genes may have been changed and/or diversified after polyplodization due to the fact that soybean plants are seldom completely submerged. Several orthologues of SUB1 and SK genes along with Arabidopsis orthologues of the circadian core clock and their output genes have been found. Three orthologues of Arabidopsis TOC1 and ABAR genes, which have been shown to mediate drought responses in Arabidopsis, were also found. The plant circadian clock is based on gene expression negative feedback loops (Harmer, 2009 ). The first loop, proposed in 2001, involves two dawn-expressed, closely related and partially redundant Myb transcription factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), and the evening-expressed pseudo-response regulator TOC1. CCA1 and LHY play important roles in growth and vigour, and also impact starch accumulation and utilization (Ni et al., 2009; Graf et al., 2010; Graf and Smith, 2011) which are important traits under stressful conditions. Herein, gene expression data of important drought-and flooding-related genes along with core clock genes and their output genes, and the ABAR and TOC1 gene expression pattern throughout the day/night cycle (biologically relevant conditions, de Montaigu et al., 2015) are presented for soybean plants experiencing mild or severe drought/flooding stress and during the recovery phase when plants were re-watered or water was drained to stop the flooding stress. Endogenous levels of ABA and jasmonic acid (JA) were also measured to see their effects on TOC1 and ABAR regulation and plant responses during flooding and drought treatments. Since plants slow down their metabolism and sugar/starch consumption under stress, glucose quantities were also measured before dusk and soon after dawn to see whether their endogenous levels also play any role and mediate drought and/or flooding response mediated by ABAR, SUB1, and clock genes.
Materials and methods

Plant material and growth conditions
Ten flooding-and drought-tolerant/susceptible lines were selected and evaluated under drought and flooding conditions explained in detail by Mutava et al. (2015) . Four contrasting soybean genotypes for flooding and drought experiments were selected for this study as described by Mutava et al. (2015) : PI 567690, drought tolerant; PANA (PI 597387), drought susceptible; PI 408105A, flooding tolerant; and S99-2281 (PI 654356), flooding susceptible. These lines were grown under 14 h light and 10 h dark cycles and day/night temperatures of 28/18 °C as described by Mutava et al. (2015) . Briefly, at the V5 stage, drought stress was imposed by withdrawing water, and 5 d later another set of plants were flooded by placing the smaller pots into larger pots tightly wrapped with a bin liner. Larger pots were then filled with water to flood the smaller pots with plants in them in such a way that all root tissues and part of the stem were submerged. After 21 d of drought stress, plants were re-watered and allowed to recover. Flooding was done for 15 d and then the bin liners were punctured and subsequently removed on day 16 to drain all the water and allow the plants to recover. This was a randomized complete block design experiment with three replications. Leaf samples were taken every 4 h for 24 h during mild and severe stress and the recovery phase when water was drained from flooded plants and plants under drought were re-watered. Mild flooding and drought stress means that plants were flooded for 2 d and irrigation was stopped for 11 d, respectively. On the other hand, severe flooding and drought stress is when plants were under flooding conditions for 15 d and water was withdrawn for 21 d, respectively. The recovery phase is when samples were taken 3 d after draining of water and re-watering the plants from flooded and plants under drought, respectively.
Soybean clock, SUB1, SK1, and ABAR gene discovery Arabidopsis core clock and ABAR, and rice SUB1, SK1, and SUK2 gene sequences were used as queries for blast searches in the soybean database (http://soykb.org/blast.php). Since soybean and Arabidopsis are both dicots, orthologous genes were easily found; however, several hits for each gene were obtained owing to the paleoploid genome of soybean. Protein sequences of all genes were used to perform ClustalW alignments and construct Neighbor-Joining trees. Interestingly, soybean ABAR orthologues were highly similar to the Arabidopsis ABAR gene; however core clock, SUB1, SK1, and SK2 genes were only conserved in their DNA-binding and ethylene response factor (ERF) domains, respectively. To clarify further and differentiate the relationship and similarity between soybean LHY/CCA1 and different PRR genes, ClustalW alignments were performed using Arabidopsis and soybean CCT/pseudoreceiver (PR) and MYB domains for PRR and CCA1/LHY genes, respectively.
RNA extraction, cDNA synthesis, RT-PCR, and qPCR
Total RNA was extracted from 100 mg of leaf tissue, flash-frozen, and stored at -80 °C using a Qiagen RNeasy kit (cat# 74104) following the manufacturer's instructions. RNA preparations were on-column DNase treated to remove DNA using a Qiagen RNaseFree DNase kit (cat# 79254). The reverse transcription-PCRs (RT-PCRs) were performed as described (Simpson et al., 2008; James et al., 2012a) . Briefly, 4 μg of total RNA was used in firststrand cDNA synthesis by reverse transcription with oligo(dT) 18 and random hexamer primers using the Sprint RT CompleteDouble PrePrimed kit (Clontech) in a final volume of 20 μl. For each gene, a number of overlapping primers were designed to cover the complete gene sequences. These gene-specific primer pairs (with one 6-carboxyfluorescein-labelled primer) were designed to amplify between ~400 bp and 1200 bp, and to measure gene expression and capture different splicing events. cDNA reactions were diluted by adding 150 μl of water to each reaction, and 1 μl of each cDNA was aliquoted into 96-well plates containing the gene-specific primers. RT-PCRs were performed for 24 cycles as described by Simpson et al. (2008) . Quantitative real-time PCR (qRT-PCR) was performed using the cDNA product corresponding to 25 ng of total RNA in a 25 μl reaction volume using the Maxima SYBR Green/ROX qPCR Master Mix (2×) (Cat# K0223,Thermo, USA) on an ABI7900HT detection system machine for the qRT-PCR (ABI). In the qRT-PCR experiments, three biological replicates and two technical replicates were used for analysis. The PCR conditions were as follow: 50 °C for 2 min, 95 °C for 10 min, then 40 cycles of 95 °C for 15 s and 60 °C for 1 min. To normalize the gene expression, the ACT11 (Glyma18g52780) gene was used as an internal control. All novel primers were designed using the Primer3 web-interface (http://frodo. wi.mit.edu/primer3/input.htm; Rozen and Skaletsky, 1998) .
Circadian clock HR RT-PCR panel
Total RNA was extracted and cDNA was prepared from three biological replicates of 18 time points for four lines over 3 d during the mild and severe stress and recovery phases of flooding-and droughttreated plants (432 samples). To measure the expression pattern and identify alternative splicing (AS) events for each gene, a number of overlapping primer pairs (each with one 6-FAM fluorescently labelled primer) were designed to cover the whole gene sequence and were used on samples derived from plants undergoing drought or flooding stress throughout the diurnal cycle. RT-PCRs were carried out for 24 cycles as described (Simpson et al., 2008; James et al., 2012a) , and the products were detected on an ABI3730 automatic DNA sequencer along with a GeneScan™ 1200 LIZ size standard. PCR products were accurately sized, and mean peak areas calculated using GeneMapper software. To measure changes in AS of particular isoforms, the peak areas were normalized relative to the peak area values for two reference genes, ACT11 (Glyma18g52780) and FBOX (Glyma12g05510). Statistical analysis to test the significance of different alternative and fully spliced transcripts was performed as described by Simpson et al. (2008) .
High resolution RT-PCR (HR-RT-PCR) is a powerful and very sensitive technique which can detect various canonically and alternatively spliced transcripts with a single base resolution. Furthermore, quantification of different transcripts is as reliable as a qPCR, and with the additional advantage of detecting and reliably measuring the expression of multiple transcripts from a single reaction (Simpson et al., 2008; James et al. 2012a; Kalyna et al., 2012; Marquez et al., 2012) . HR-RT-PCR was performed on 432 samples (216 each for flooding and drought) from different time points across the diurnal cycle during mild flooding/drought, severe stress, and when plants were going through the recovery phase after irrigation or drainage of excess water from drought-and flooding-treated plants.
Analysis of gene expression by RNA-seq
The same RNA samples used for expression and splicing analysis were used for the RNA sequencing (RNA-seq) experiment. The RNA (200 ng μl -1 ) samples from the 24:00 h time point from control plants and plants experiencing severe drought and flooding stress were used for RNA-seq. Three replicates for each of the droughtsensitive, PANA (control and drought samples); drought tolerant, PI 567690 (control and drought samples); flood-sensitive, S99-2281 (control and flood samples); and flood-tolerant, PI 408105A (control and flood samples) lines were multiplexed and sequenced in an Illumina Hi-Seq 2000 platform.
Hormone and glucose analysis
Leaf tissues were collected at midday from these genotypes after 20 d of drought stress and 15 d of flooding. The samples were immediately frozen in liquid nitrogen and stored at -80 °C until the time of processing. Hormone and glucose analysis was performed as described previously (Mutava et al., 2015) .
In brief, a liquid chromatography-tandem mass spectrometry (LC-MS/MS) method was used for assay of acidic hormones [salicylic acid (SA), ABA, JA, jasmonoyl-isoleucine (JA-Ile), and 12-oxo-phytodienoic acid (OPDA)]. For hormone extraction, a mixture of deuteriumlabelled standards (D5SA, D6ABA, D2JA, and D5IAA) at 2.5 mM each was added to frozen leaf tissue sample and then 900 ml of ice cold MeOH/CAN (1:1 v/v) was added to each sample. Samples were then homogenized with a TissueLyserII (Qiagen, CA, USA) for 2 min at a frequency of 15 Hz s -1 and centrifuged at 16 000 g for 5 min at 4 °C. The supernatants were then transferred to new 2 ml tubes and the pellets were re-extracted. The second supernatant was combined with the first one and dried down. The pellets were dissolved in 200 ml of 30% methanol and centrifuged again to remove undissolved material, and the supernatant was transferred to vials for LC-MS/MS analysis.
For sugar analysis, standards of fructose, glucose, sucrose, raffinose, and stachyose were dissolved in water at a concentration of 10 mg ml -1 . A mixture of 1 mg ml -1 of the five sugar solutions was then prepared and further diluted to 50, 100, 200, 300, 400, and 500 mg ml -1 . Leaf samples weighing 0.5 g were lyophilized for 2 d in a Labconco Freeze Dry System (FreeZone 6 litre console freeze dry system with a stoppering tray dryer; Labconco Corporation, Kansas City, MO, USA) and then ground using a Geno/Grinder2010 grinder (SPEX SamplePrep, Metuchen, NJ, USA). Sugar extraction and analysis were performed using a modified HPLC-ELSD (evaporative light scattering detector) method developed for soybeans at the Nguyen laboratory, University of Missouri .
Results
High conservation of core clock and ABAR genes in soybean
Protein sequence alignments are presented for the products of the LHY/CCA1, ABAR, TOC1, and SUB1 genes in Supplementary Figs S1-S5 available at JXB online. It is difficult to differentiate soybean LHY from CCA1 as all four orthologues have ~48% similarity to Arabidopsis CCA1 and LHY genes, and amino acids which differentiate CCA1 from LHY are randomly shared between all the soybean orthologues. However, MYB domains in the products of soybean CCA1/LHY-like genes are highly conserved (>90%) compared with Arabidopsis CCA1 and LHY genes (Fig. 1A) . Although all four CCA1/LHY genes are >90% similar to each other, they are still distinguishable, and sequence differences may affect their function in fine tuning the clock. TOC1-1 (Glyma04g33110), TOC1-2 (Glyma05g00880), and TOC1-3 (Glyma06g21120) have ~45-50% overall similarity to Arabidopsis TOC1; however, this sequence conservation increases to ~85 and ~95% in the PR and CCT domain, respectively (Fig. 1B, C) . Interestingly, the product of TOC1-2 (Glyma05g00880) lacks 43 upstream amino acids compared with Arabidopsis and two other orthologues of TOC1, and uses an alternative methionine downstream, starting with the MKLL sequence (Fig. 1B) . It was assumed that this gene may be wrongly annotated and thus potential upstream ATG start sites were searched for; however, none was found which would preserve the open reading frame of this gene (data not shown). PRR5 and PRR9 genes were more similar to Arabidopsis orthologues, whereas PRR7 and PRR3 were more conserved in the CCT domain (Fig. 1B) . Furthermore, the phylogenetic tree shown in Fig. 1D illustrates that Arabidopsis clock genes are quite similar to soybean orthologues and cluster together with the same genes from these two species. Sequence similarity between Arabidopsis ABAR and three soybean orthologues across entire coding sequence is ~86%; however, among three soybean genes, the sequence similarity reaches 93-98% ( Supplementary Fig. S2 ). This might indicate diversification after polyploidization and may lead to neofunctionalization as evident from their differential expression patterns during flooding and drought stress (see below).
Orthologues of SUB1, SK1, and SK2 genes are highly conserved in the ERF domain and possibly are of SUB1B and SUB1C type
The soybean database was searched for orthologues of rice SUB1, SK1, and SK2 genes, and 18 orthologues were found (15 SNORKEL and 3 SUB1; Supplementary Fig. S5 at JXB online). Protein sequences encoded by these genes were aligned with those encoded by rice SUB1 and SK1 genes. Even though sequence conservation was very low across whole gene sequences, the ERF domain was highly conserved ( Supplementary Fig. S4 ). To understand the relationship between these genes, a maximum likelihood tree was constructed according to Dereeper et al. (2008) and is presented in Supplementary Fig. S5B . Rice SK1 and SUB1 genes form a distinct group at the bottom of the tree along with three orthologues from soybean (Glyma03g42450, Glyma16g01500, and Glyma07g04950). To obtain better insight, these three genes were realigned with rice SUB1, SK1, and SK2 genes; however, sequence gaps (data not shown) in SK1 and SK2 showed that these genes are more closely related to SUB1 genes ( Supplementary Fig. S4 ). Sequence conservation was ~30% for complete sequences, but reached 85-90% in the ERF domain. To decipher whether three orthologues of SUB1 genes belong to the A, B, or C type, the signature amino acids for SUB1B and SUB1C, namely alanine and aspartic acid at position 13 (SUB1A has a serine at this position) and 18, respectively, were investigated. Interestingly, all three orthologues in soybean have alanine and aspartic acid at position 13 and 18, respectively, indicating that they belong to SUB1B or SUB1C as they lack serine at position 13 of the ERF domain. This probably makes sense as soybean plants are grown in dry regions and are seldom completely submerged in water.
SUB1 genes mediate flooding and drought responses in soybean via alternative splicing
The HR-RT-PCR system (James et al., 2012a) was used to quantify gene expression as well as AS in the SUB1 genes. The names SUB1-1-SUB1-3 were randomly assigned to Glyma07g04950, Glyma03g42450, and Glyma16g01500, respectively. Data for Glyma07g04950 (SUB1-1) and Glyma03g42450 (SUB1-2) are presented in Fig. 2 ; however expression was very low for Glyma16g01500 (SUB1-3) and is therefore not shown. Similarly, very low to no expression was detected for all SK genes and is not shown. The expression of the fully spliced transcript of SUB1-1 remains low during mild flooding stress but increases dramatically towards the end of the night during severe flooding stress (15 d under water) for the flooding-tolerant variety (PI 408105A). A splice variant of SUB1-1-AS1 (see Supplementary Table S1 at JXB online for a description) also shows the same pattern and increases during severe flooding and then remains high even in the recovery phase. The data of qPCR for SUB1 are also presented in Fig. 1 (inserts) ; qPCR data for all other genes are not shown as they were identical to the HR-RT-PCR results. It is not known how changes in the expression of these transcripts (SUB1-AS1, Glyma07g04950) take place during the 3 days when plants were recovering from flooding stress. Expression of SUB1-1 (Glyma07g04950) shows a completely different pattern and remains low for the drought-susceptible variety under control and drought conditions (during mild stress); however, it significantly increases in the drought-tolerant line (PI 567690). Expression of SUB1-1 remained high for line PI 567690 during severe drought stress (21 d) compared with PI 567690 under control conditions (normal irrigation), indicating its role during mild and severe drought stress. Expression of SUB1-1 drops after re-watering during the recovery phase and starts resembling that of plants grown under control condition, further supporting its role during drought transition and acclimation. However, SUB1-1-AS1 only seems to be playing a role during drought acclimation as its expression increases during the stress period and then is almost abolished during severe drought, with even much lower expression under recovery. Notably, SUB1-1 clearly displays a circadian expression pattern (albeit under diurnal conditions) and may be gated by the circadian clock. SUB1-2 (Glyma03g42450) expression seems to be quite similar for flooding-susceptible and tolerant lines grown under normal or flooding conditions. In contrast, SUB1-1 expression increases during mild drought conditions (acclimation) and then significantly drops during severe drought and the recovery phase, and also seems to be gated by the clock.
The role TOC1 and ABAR in modulation of flooding and drought response in soybean
In Arabidopsis, TOC1 binds to the promoter of the ABArelated gene (ABAR/CHLH/GUN5) and controls its circadian expression. TOC1 is acutely induced by ABA and this induction advances the phase of TOC1 binding and modulates ABAR circadian expression. This gated induction of TOC1 by ABA is disrupted in ABAR and TOC1 RNAi and overexpression lines, indicating that reciprocal regulation between TOC1 and ABAR is important for sensitized ABA activity in plants subjected to drought conditions (Legnaioli et al., 2009) . Since soybean has two and three orthologues of Arabidopsis TOC1 and ABAR, respectively, the diurnal expression pattern of these genes was examined among flooding-and drought-tolerant lines undergoing flooding or drought stress and growing in control conditions. The TOC1-3 gene Glyma06g21120 (EU076435), previously reported by Liu et al. (2009) , showed robust circadian expression under free running conditions; however, no significant expression of this gene was detected among all lines tested here. Expression of two other TOC1 genes (Glyma05g00880-TOC1-1 and Glyma05g00880-TOC1-2) across the day-night cycle showed strong oscillations and peaked towards the end of the day (Fig. 3) . No expression of TOC1-1 in the flooding-susceptible or tolerant lines was detected; however, it was readily detectable and strongly expressed in drought-tolerant and susceptible lines. This shows that some duplicated genes have significantly diverged in different lines after polyploidization, leading to varied responses to abiotic stresses and possibly other functions as well. Expression of TOC1-2 in flooding-tolerant and susceptible lines (PI 408105A and S99-221) increases slightly during mild flooding conditions; however, it drops significantly during severe stress compared with lines growing under control conditions (Fig. 3) . The expression of TOC1-2 in the flooding-tolerant line (PI 408105A) increases significantly during the recovery phase, whereas its expression in the susceptible line during recovery remains somewhat lower. The expression levels of TOC1-1 and TOC1-2 increase during mild drought stress, but become much lower during severe drought stress, and this drop in expression is much more pronounced for TOC1-1 than for TOC1-2 (Fig. 3) . Expression levels of TOC1-1 and TOC1-2 increase again during the recovery phase when plants are re-watered and probably recover to the mild stress level. The expression of both TOC1 genes during severe stress drops significantly and may modulate drought response mediated via the soybean ABAR gene. The expression pattern of three soybean ABAR genes which are almost identical to Arabidopsis orthologous genes is presented in Fig. 4 . The expression patterns of ABAR1-ABAR3 show that they peak close to dawn. There are no significant differences among the flooding-susceptible and tolerant lines; however, the expression of ABAR2 and ABAR3 is significantly higher in the lines undergoing mild flooding stress whereas they are very similar for the drought-susceptible lines growing under drought or control conditions. Expression of ABAR2 and ABAR3 drop significantly during severe drought stress, but this is more pronounced for ABAR3. Expression during the recovery phase drops even further for both genes, and a similar trend is also apparent for the drought-susceptible line grown under normal and drought conditions; however, fold changes are not as marked as for drought-tolerant lines. ABAR and TOC1 genes in soybean are dawn and dusk phased, respectively which is reminiscent of Arabidopsis where TOC1 binds to the ABAR promoter and co-ordinates the drought response. ChIP data are not available; however, it can be speculated that TOC1 genes may also bind individual and/or multiple ABAR genes in soybean and co-ordinate stress responses.
Role of ABA and JA in flooding and drought response
In Arabidopsis, elevated quantities of ABA (exogenous) activate TOC1 expression and this activation is gated by the circadian clock and determines the timing of TOC1 binding to the ABAR promoter and changes in ABAR expression. A functional ABAR is required for this interaction between TOC1 and ABA and to co-ordinate ABA-mediated changes in gene expression and responses to drought (Legnaioli et al., 2009) . Recently, De Ollas et al. (2013) showed that transient accumulation of endogenous JA is necessary for the ABA increase in citrus roots under drought conditions. To understand the potential role of endogenous JA and ABA in drought/flooding acclimation via interactions with TOC1 and ABAR genes, JA and ABA were quantified in leaf samples harvested at 04:00 h and 12:00 h among plants undergoing mild and severe stress and in the recovery phase for both flooding and drought tolerance (Fig. 5A) . It is apparent that levels of ABA are significantly higher among lines which are drought tolerant, especially at midday (12:00 h). The ABA levels at 04:00 h are much lower among lines which are flooding tolerant and undergoing flooding stress or growing under normal conditions. ABA quantities are much more similar for both flooding-tolerant/susceptible lines at midday, with the only exception of the recovery phase where both lines show elevated levels. This is interesting as it is known that flooding tolerance genes are triggered by ethylene and it probably negatively regulates ABA synthesis and/or sensitivity (Hattori et al., 2009; Fukao et al., 2011; Bailey-Serres et al., 2012) . JA shows a completely different picture and has high levels in the flooding-tolerant line (PI 408105A) during all phases of stress and recovery at 07:00 h. However, it shows a different profile at midday and drops significantly during mild stress, is marginally higher during severe stress, but remains high during the recovery phase (Fig. 5B) . ABA quantities in drought-specific lines at 04:00 h and 12:00 h are almost the exact opposite of those in lines under flooding. At 04:00 h, only the drought-tolerant line undergoing recovery after irrigation shows a high level of ABA, whereas at midday, the drought-tolerant line has a high level of ABA during severe stress and the recovery phase, and the level is marginally less than in the susceptible line during mild stress. JA levels are somewhat higher (Fig. 5B) for PI 567690 and increase significantly at midday during the mild and severe drought stress; they start to go down, however, during the recovery phase. It seems likely that in soybean both JA and ABA co-ordinate the drought responses and JA triggers more progressive ABA accumulation and induces plant responses to stress (De Ollas et al., 2013) . It is clear, however, that flooding does not induce ABA production and is possibly co-ordinated via JA, as is evident from elevated levels during flooding stress especially a few hours before dawn.
Plants under flooding and drought show opposite phenotypes for glucose levels
The glucose levels during mild flooding stress at 16:00 h (4.5 h before dusk) are slightly higher for S99-2281 compared with the flooding-tolerant PI 408105A (Fig. 6) ; however, this is reversed 1.5 h after dawn (06:30 h). This clearly shows that photosynthetic activity in the flooding-tolerant line is still robust, and PI 408105A is efficient in energy utilization during mild stress. The overall glucose content drops in this line (PI 408105) growing under control conditions compared with when it was under severe flooding stress. Plants may have less glucose reserves during this active growing period (vegetative) just before the onset of the reproductive stage when the sugar reserves are used for all types of metabolic activities. PI 408105A has less glucose at 16:00 h and 08:00 h compared with the susceptible S99-2281 line. This may be due to the higher efficiency of PI 408105A to use energy reserves for its growth and metabolism. Glucose content is also lower among lines under severe flooding stress; however, the trend is the opposite, and PI 408105A has slightly more glucose than the PI S99-2281 line. Furthermore, a profuse lateral shoot branching phenotype was observed in PI 408105A under severe flooding conditions, with many new leaves on them (see Supplementary Fig. S6 at JXB online). Perhaps PI 408105A produced new branches and leaves to counter excessive water levels and possibly to increase photosynthetic activity. Drought-susceptible and tolerant PANA and PI 567690, respectively, showed high and very similar levels of glucose during control and mild drought conditions. However, glucose levels were higher in the drought-tolerant PI 567690 line, showing that either some photosynthetic activity could still take place or the energy reserves are relatively slowly exhausted, allowing it to survive and initiate a better response to irrigation when ample supplies of water are present for optimal metabolic activities.
Changes in expression and AS of LHY/CCA1 genes are more significant under drought conditions
Plants usually slow down their starch degradation process under stress conditions and use the starch as a survival strategy to extend their energy reserves. Furthermore, starch utilization during the day/night cycle is tightly under the control of the circadian clock. The core clock genes CCA1 and LHY play a significant role in this, as a mutant lacking the CCA1 and LHY components exhausts its starch reserves much faster at the perceived dawn via its fast running circadian clock than at the actual dawn a few hours later (Graf et al., 2010) . Furthermore, a splice variant in the CCA1 gene in Arabidopsis mediates the cold temperature acclimation process by slowing down the starch degradation process and prolonging usage of its starch reserves as a survival strategy (Park et al., 2012) . It was therefore asked whether expression or AS of LHY/CCA1-like genes causes such differences during flooding and drought stress responses. Figure 7 shows that three LHY/CCA1 genes respond to flooding and drought stresses in a different way. The transcript abundance of these three genes showed no significant differences in the flooding experiment; however, it markedly increases during mild drought stress in the drought-tolerant line PI 567690 and remains low or undetectable for PANA (Fig. 7) . Expression of Glyma16g01980 and Glyma03g42260 for both PI 567690 and PANA (Fig. 7) begin to resemble each other under control as well as severe drought conditions, whereas Glyma19g45030 remains high for both lines under severe drought stress and the recovery phase. An AS event (LHY/CCA1-AS1) in Glyma16g01980 represents a very small proportion of the fully spliced product for both flooding-tolerant and susceptible lines; however, this AS event represents almost 50% of the fully spliced (FS) transcript of this gene under drought conditions. The transcript abundance of LHY/CCA1-AS1 remains very similar for both PANA and PI 567690 under control and drought conditions, but the transcript abundance of LHY/CCA1-FS is almost twice as high during mild drought stress for the drought-resistant line (PI 567690).
Significant splicing in PRR3 genes modulates flooding and drought responses
Arabidopsis sequences were used as bait to find soybean orthologues of PRR9, 7, 5, and 3, and their conserved regions were compared using protein alignments (data not shown). Although sequence homology with Arabidopsis orthologues of PRR9, 7, 5, and 3 is 36, 43, 30, and 58%, respectively, they all group together with their corresponding orthologues from Arabidopsis. The soybean PRR3 showed several gene models in the soybean genome browser (http://phytozome.jgi.doe. gov/jbrowse/). The primary gene model, Glyma11g15580.1, showed a truncated transcript encoding 217 amino acids; however, the alternative transcripts Glyma11g15580.2 was 766 amino acids long. Surprisingly, this gene is mapped to the scaffold region (Glyma.U03450) in the new soybean reference assembly (Wm82.a2.v1) and did not show a truncated version. The primary transcript was used to search homology with Arabidopsis, and the highest homology of 58% was found with At5g60100. PRR5 expression shows a somewhat similar trend between flooding-and drought-tolerant lines (Fig. 8) as it is relatively higher during mild flooding and drought stress and drops during severe flooding and drought stress. It maintains the same amplitude during drought recovery; however, it increases significantly for plants going through the recovery phase after severe flooding stress. Expression of a splice variant (AS1) of PRR5 (Supplementary Table S1 at JXB online) was down-regulated during severe flooding in PI 408105A and resembles that of control plants. PRR5-AS1 was also down-regulated during severe drought treatment in the PI 567690 line, but retains the same transcript abundance during the recovery phase. PRR3 produces four splice variants that show considerable variation under flooding and drought conditions ( Fig. 9 ; Supplementary Table  S1 ). FS as well as AS1 and AS2 expression of PRR3 is considerably higher in the PI 408105A line during mild stress, but it drops during severe flooding conditions and recovers marginally during the recovery phase; on the other hand, it maintains a similar expression pattern during mild and severe flooding stress and the recovery phase in S99-2282 and PI 408105A growing under flooding and control conditions. The expression pattern of PRR3-AS2 for both PANA and PI 567690 is higher during mild drought stress but then drops during severe drought stress for PANA; however, it maintains robust rhythms throughout all phases of growth during mild and severe drought and the recovery phase. The expression of FS and AS1 drops during severe drought stress and recovers during the recovery phase in such a way that it resembles control plants. AS3 and AS4 do not show any significant variation in the flooding experiment, but AS3 is much higher among lines undergoing mild drought stress, with PI 567690 showing even higher expression compared with PANA. Furthermore, the expression of AS3 in PANA drops during severe drought whereas it increased a little more in PI 567690 and started resembling that in the control lines after irrigation. AS4 also presents a similar picture for both PANA and PI 567690 during mild drought stress; however, they look very similar during severe drought and the recovery phase, indicating that this AS4 may only be more important during mild stress, in contrast to AS3 whose expression keeps on rising during mild as well as severe drought stress. It is interesting that AS3 and AS4 display very different expression patterns during flooding and drought conditions, which would indicate that they may be playing a fine tuning role during flooding and drought treatments.
PRR7 peaks at different times under drought conditions
Recently, Liu et al. (2013) , by employing ChIP-seq, identified putative PRR7 target genes that included morning-expressed circadian-regulated genes, growth regulators, and those involved in light signalling and stress responses in Arabidopsis. Interestingly, many of these target genes were regulated by ABA, and this response to ABA levels was mediated by changes in the expression of PRR7; however, this response to ABA was only partial as PRR7 mutants and overexpressing lines were still able to respond to ABA in a time-dependent manner to promote stomatal closing. This makes sense as the ABA level also affects TOC1 expression, and TOC1 in turn binds to the ABAR (GUN5) promoter to mediate drought responses in Arabidopsis (Legnaioli et al., 2009) . In Arabidopsis, ABA affects TOC1 expression but not that of PRR7, at least under continuous light conditions; however, the length of the period in the PRR7 mutant is more sensitive to exogenous ABA application than that in the wild type (Legnaioli et al., 2009) . The expression patterns during the day/night cycles for PRR9-and PRR7-like genes are presented in Fig. 10 . PRR9 expression is only detectable in the floodingsusceptible and tolerant lines (S99-2281 and PI 408105A) and was no seen under drought conditions for PANA and PI67690. PRR7 was readily detectable under flooding as well as drought conditions among all lines tested. Intriguingly, there is a 4 h difference between PANA and PI 567690 under mild drought conditions, with PRR7 peaking at 08:00 h (1.5 h after subjective dawn) whereas it peaks at 12:00 h for PANA and PI 567690 under control conditions (normal irrigation). S99-2281 and PI 408105A do not show any remarkable difference between them under control or mild flooding conditions, but there is evidence of phase advance for PI 408105A (flooding tolerant) during recovery. Both lines peak at 12:00 h during severe drought; however, changes in the PRR7 expression pattern are again visible during the recovery phase in the drought experiment with PI 567690, again peaking at 12:00 h but showing significantly higher expression.
Response of CAB2, ELF3, and LUX during flooding and drought treatment
Lines growing under normal conditions (both drought-tolerant and susceptible lines) during the mild drought stress phase showed relatively lower expression of the CAB2 gene compared with plants undergoing initial onset of drought (Fig. 11) . The expression of the CAB2 gene was higher in the drought-tolerant line compared with the drought-susceptible line; however, it shows that up-regulation of CAB2 is a general response to mild drought conditions under the experimental conditions used here. A similar but opposite trend was observed under severe drought conditions, as the expression of CAB2 dropped for both lines. The expression of CAB2 in the drought-tolerant line remained low even when the plants were re-watered; however, it quickly recovered in the drought-susceptible line. On the other hand, CAB2 expression remained stable under mild and severe flooding conditions, but increased significantly when water was drained from both flooding-susceptible and tolerant lines (Fig. 11) . These data suggest that CAB2 expression might be more relevant under water-limiting conditions or when plants are adjusting their photosynthetic machinery to variable amounts of water. ELF3 and LUX exhibited genotype-specific expression patterns and were only expressed in flooding-and droughtspecific lines, respectively (Fig. 11) . ELF3 expression dropped in flooding-tolerant and susceptible lines during mild flooding stress. ELF3 expression was reduced significantly during severe flooding stress; however, it follows a similar trend and dropped further for both flooding-susceptible and tolerant lines. During the recovery period when water was drained from plants, both flooding-susceptible and tolerant lines showed a phase advance of ~4 h compared with plants growing under normal conditions. LUX expression among flooding-specific lines was undetectable, and in the droughttolerant line it dropped slightly during mild drought conditions and was completely abolished under severe drought conditions. However, it showed complete recovery when plants were re-watered and resembled that of the droughttolerant line growing under normal conditions (Fig. 11) .
RNA-seq analysis of sugar metabolism and LEA genes
As photosynthetic efficiency is compromised under stressful conditions, energy conservation (sugar metabolism) and osmotic adjustment become very important (Hong-Bo et al., 2005; Manavalan et al., 2009; Qazi et al., 2014) . Similar functional genes are involved in drought and sugar metabolism and transfer of sugar molecules to various acceptor molecules such as flavonoids (Winkel-Shirley, 2002) . Furthermore, late embryogenesies abundant (LEA) proteins were found to be up-regulated in drought and heat stress in rice, Brassica, and legumes (Goyal et al., 2005; Hong-Bo et al., 2005; Hundertmark and Hincha, 2008; Dalal et al., 2009; Battaglia and Covarrubias, 2013) . Therefore, LEA proteins and sugar synthesis-related genes were analysed for their expression pattern in drought stress. Pairwise comparison of drought and control conditions in a similar drought-susceptible line (our unpublished results) revealed that the sugar-related gene (Glyma20g30620) associated with fructose-1,6-bisphosphatase activity was down-regulated. This gene is crucial in generating glucose as an energy source through gluconeogenesis and the Calvin cycle to maintain photosynthetic activity in drought stress conditions. These sugar-related genes (especially sugar transporter genes) are critical in transporting sugar from source (leaves) to sink tissues (roots and seeds) to ensure optimum productivity in drought environments (Lemoine et al., 2013) . Recently, Patil et al. (2015) studied the soybean SWEET gene family (a class of sugar effluxer) using transcriptome profiling and identified their role in source to sink transport. In the present study several SWEET genes differentially regulated under drought and flooding treatments were identified (Supplementary Table S3 at JXB online). Under drought conditions, Glyma06g17540 and Glyma15g16030 showed up-regulation in the drought-tolerant line; on the other hand Glyma06g13110, Glyma09g04840, and Glyma16g27350 (sucrose transporter genes) were downregulated in the drought-susceptible line (Supplementary  Table S3 ). This expression pattern suggests that sucrose efflux genes are activated under drought conditions and may be serving sugar transport to provide an energy supply to maintain cell survival under high respiration conditions; however, a detailed study is needed to support these findings. It has been shown that overexpression of sugar transporter genes maintains osmotic adjustments by regulating sugar flux within cells (Klemens et al., 2013) . The reduction in sink demand and disruption of photosynthate transport are well known mechanisms in plants under flooding stress (Lemoine et al., 2013) . Up-regulation of sugar effluxer genes (Glyma06g17540, Glyma08g01300, Glyma09g04840, and Glyma15g27530) in a flooding-tolerant genotype might influence sugar homeostasis under flooding stress (Lemoine et al., 2013; Mutava et al., 2015) . It is noteworthy that Glyma06g17540 was associated with seed sucrose concentration in diverse soybean germplasm as revealed by whole-genome re-sequence analysis (Patil et al., 2015) .
Higher expression of this gene (Glyma20g30620) in PI 567690 resulted in high total sugar content and the breakdown components (fructose and glucose) of sucrose in drought stress conditions (Mutava et al., 2015; and see above) . Comparative transcriptome analysis between drought-susceptible and drought-tolerant lines also showed down-regulation of two genes (Glyma05g04290 and Glyma17g14750) associated with invertases involved in the drought-tolerant line under drought. In the drought-tolerant line, most of the LEA genes were found to be down-regulated. Similar downregulation of LEA genes by ABA was shown in rice under drought conditions (Wang et al., 2007) . None of the sugar and LEA genes was identified to be up-regulated in drought and flooding conditions.
Discussion
SUB1 and SNORKEL genes in soybean
Several rice orthologues of SK (15) and SUB1 (three) genes were found in soybean. Intriguingly, none of the SK genes showed any significant expression under drought or flooding conditions among drought-and flooding-tolerant/susceptible lines evaluated in this study (data not shown). Expression of SK genes was either very low or undetectable among all lines under flooding as well as drought stress; hence, they might be pseudo-genes or could have tissue-or condition specificexpression patterns. It can be speculated that many of these SK genes might have lost their function during the evolution of soybean as it is cultivated in largely dry environments. It is notable that soybean-growing areas are now experiencing more onsets of flooding and drought in the same region; however, soybean plants are rarely completely submerged even under flooding conditions. It is therefore not surprising that SK genes are not highly expressed, but their presence is indicative that its ancestors might have experienced more flooding in the past. SK genes might have evolved and acquired neofunctionalization and may show significant expression under conditions which have not yet been tested. Circumstantial support for this hypothesis comes from the absence of the SUB1A gene in soybean as inferred from the signature amino acids at positions 13 and 18 in the ERF domain (Xu et al., 2006) . SUB1A confers tolerance to prolonged submergence in rice (Xu et al., 2006; Bailey-Serres and Voesenek, 2008; Bailey-Serres et al., 2012) , and its absence in soybean indicates that SUB1B and SUB1C genes may be more important in conferring tolerance to partial flooding conditions in soybean. However, transgenic soybean with the SUB1A rice gene could be an attractive alternative to develop varieties for areas which are frequently flooded on a year by year basis.
Characterization of circadian clock genes in soybean
Due to the polyploid nature of soybean, many orthologues of Arabidopsis circadian clock genes were found in soybean. Recently, Marcolino-Gomes et al. (2014) reported the expression pattern of circadian clock genes under drought in soybean and they identified one orthologue of each Arabidopsis circadian clock and clock-related gene. However, several orthologues/paralogues of most clock and clock-related genes were discovered in this study. There are four paralogues of LHY/CCA1-like genes and all are highly conserved in their MYB domain compared with Arabidopsis LHY and CCA1 genes. Marcolino-Gomes et al. (2014) only showed expression of CCA1/LHY-like gene (Glyma07g05410) for a droughtsensitive line (BR16) under normal and drought conditions. Interestingly, Glyma07g05410 has an additional 20 amino acids immediately after the MYB domain and did not show any consistent and significant expression among lines and conditions used in the present study. Robust expression and circadian rhythms of the three remaining LHY/CCA1-like genes were detected (Fig. 7) . Three LHY/CCA1-like genes showed much higher expression among drought-tolerant and susceptible lines; however, there are differences in expression patterns among flooding-and drought-specific lines. Similar trends were observed in Arabidopsis plants growing under cold stress and at 20 °C for CCA1 which is closely related to and partly redundant with LHY, which showed expression in the opposite direction. Similarly, Arabidopsis PRR9 is partially redundant with PRR7, but the mRNAs of these genes also respond to cooling in opposite directions (James et al., 2012a, b) . LHY and CCA1 can form both homo-and heterodimers (Lu et al., 2009; Yakir et al., 2009) , and different combinations are likely to have different properties. Furthermore, heterodimers have been shown to bind more strongly to their cognate promoter elements than their homodimers in vitro (O'Neill et al., 2011) . Loss of LHY and CCA1 function causes the circadian period to be shortened and the lhy/cca1 double mutant is arrhythmic (Green and Tobin, 1999; Mizoguchi et al., 2002) . The presence of at least four paralogues of LHY/CCA1-like genes in soybean and their differential expression patterns among drought-and flooding-tolerant and susceptible lines presents a tantalizing scenario whereby knocking down or overexpression of one or more of the LHY/CCA1-like genes could be used to mimic the function of a drought-or flooding tolerant line in a highyielding soybean cultivar which lacks tolerance to abiotic stresses.
Differential expression of clock paralogue genes in different soybean lines
To understand the roles of specific clock genes throughout the diurnal cycle, the expression profiles and splicing patterns of all major soybean clock genes were compared in different soybean lines, and considerable variation was observed. The adaptive significance of correctly regulated circadian timing was correlated with the variation in the period, phase, and amplitude of 150 Arabidopsis accessions and the period length was correlated with the day-length at the latitude of origin . In Arabidopsis under free running conditions, the rve8-1 mutant and wild type had a very different circadian phase, and 1557 clock-regulated genes were differentially expressed between them (Hsu and Harmer, 2012) . However, after adjusting for the phase difference, rve8-1 mutant and wild-type plants exhibited a very similar gene expression pattern, implying that the difference in gene expression was largely due to a phase difference between these two genotypes. Not only were genotype-specific expression patterns of clock and clock-related genes found, but, in addition, expression of several clock genes was undetectable under drought and flooding treatments. This is intriguing and presents interesting prospects for using these genotypespecific genes and variation in their sequence and expression as markers to develop and/or screen flooding-and droughttolerant soybean varieties. Phase shifts were observed for TOC-1, PRR7, and ELF3 genes, and may fine-tune drought and flooding response in concert with glucose concentration, ABA level/sensitivity, and net photosynthesis (see below). Similar results were observed by Marcolino-Gomes et al. (2014) who reported phase advance of expression for the GmTOC1-like, GmLUX-like, and GmPRR7-like genes under drought conditions for a drought-sensitive genotype (BR16). No phase advance was detected in the drought-sensitive genotype; however, in the drought-tolerant genotype expression of the LUX gene was completely abolished under drought conditions but it showed complete recovery when plants were re-watered. These data show that repression of the soybean LUX gene might be involved in growth inhibition under drought conditions in the drought-tolerant line because the evening complex clock proteins (ELF3, ELF4, and LUX) in Arabidopsis repress the expression of PIF4 and PIF5 in a sucrose-dependent manner (reviewed in Hsu and Harmer, 2012) . However, this would need further investigation to understand how these clock proteins interact with each other to drive circadian rhythms and growth in soybean under normal as well as flooding and drought conditions.
Flooding-and drought-specific alternative splicing
Intron retention is a common phenomenon in plants, and ~60% of genes are alternatively spliced in Arabidopsis (Marquez et al., 2012) and 16% in soybean (Shen et al., 2014) . AS has been shown to regulate gene expression in response to different tissue development (Patil and Nicander, 2013) and environmental factors, including stresses (Reddy, 2007) . The AS in the circadian clock genes is widespread and mediates plant responses to cooler temperatures (James et al., 2012a) . Using a similar strategy of employing overlapping primers and the HR-RT-PCR system, a number of splice variants were identified for the soybean core clock, SUB1, and ABAR genes. In soybean, 16% of soybean genes are alternatively spliced (Wang et al., 2014) ; however, some AS events exhibited very interesting expression patterns/abundance which is indicative of their physiological relevance under abiotic stress conditions. It is however noteworthy that discovery of AS in soybean was inherently difficult compared with Arabidopsis due to the presence of many paralogues and the polyploid nature of soybean. High conservation of some paralogous genes further exacerbated this problem as overlapping primers across the whole gene sequences could not be designed due to almost identical sequences ( Supplementary Fig. S2 at JXB online). One extreme example is the three ABAR paralogues which, although were distinguishable from each other, were highly conserved between and with Arabidopsis ABAR orthologues. In total, six AS events were found for core clock genes, comprising one each for LHY/CCA1 and PRR5, and four for PRR3. One AS event was also found for the SUB1 and ABAR1 gene. It is notable that genes with many paralogues (LHY/CCA1, ABAR, and TOC1) did not show significant AS, whereas AS in other genes with only one orthologous copy in Arabidopsis showed significant splicing. For example, PRR3 showed an interesting expression and splicing pattern which appears to be flooding and drought specific.
Phase shift in PRR7 and TOC1 may affect floodingand drought-responsive genes
An interesting diurnal expression pattern of TOC1 and PRR7 genes was found among flooding-and drought-specific lines during flooding and drought conditions. Intriguingly, expression of the TOC1-1 gene was undetectable in flooding-specific lines but showed robust expression and circadian rhythm in drought-susceptible and tolerant lines under normal and drought conditions (Fig. 3) . A phase advance of ~4 h for TOC1-2 genes in the flooding-tolerant line and an increase in expression for the drought-tolerant line under mild drought stress were also observed. The expression of TOC1-2, however, significantly drops during both severe flooding and drought stress in the flooding-and drought-tolerant lines. Interestingly, the expression of TOC1-2 peaks early in both drought-susceptible and tolerant lines under severe drought stress compared with these lines growing under normal conditions. TOC1-1 also shows a similar pattern of high and low expression under mild and severe drought stress, respectively, and recovers again when plants are re-watered. As explained above, phase shift of clock genes has a profound effect on the differentially expressed genes between an rve8-1 (REVEILLE8) mutant and a wild-type line. PRR7 was recently found to be directly involved in abiotic responses in Arabidopsis by repressing the master regulators of growth and development, light signalling, cold, and drought stress genes (Liu et al., 2013) . Drought-responsive genes were over-represented (80%) among PRR7 targets (ChIP analysis) compared with 45% genome-wide targets. Similarly, PRR1 (TOC1) also regulates the diurnal expression of ABAR by directly binding to its promoter, and ABA treatment affects the phase of TOC1 binding and expression of ABAR. TOC1 and ABAR overexpression and RNAi lines show defective responses to drought, and highlight the significance of TOC1-mediated clock response to water-limiting conditions (Legnaioli et al., 2009) . Intriguingly, phase shifts were found in TOC1-2 as well as in PRR7 under flooding and drought conditions, respectively. This change in phase of TOC1-2 and PRR7 might modulate the expression level and target genes involved in flooding and drought response, respectively. To understand the effect of PPR7 phase advance on their targets in soybean, Arabidopsis orthologues of PRR7 targets in soybean were searched to see whether there is any influence of PRR7 phase advance on them in the drought-tolerant and susceptible lines. However, down-regulation of PRR7 targets involved in the drought response was not detected from RNA-seq data from 12:00 h samples. This may be due to the fact that most of the PRR7 targets are morning phased in Arabidopsis and detecting expression differences at noon might be difficult. Further analysis of morning samples and ChIP analysis should provide clues as to whether similar mechanisms of PRR7 target genes exist between Arabidopsis and soybean.
Interplay between clock genes and hormone and glucose levels under stress
Besides the expression level and phase changes, the crosstalk between hormone and glucose levels and clock genes also enforces the functionality (or fine tuning) and response to stress conditions. Significant variations in the circadian expression and phase of TOC1 and PRR7 genes were discovered in soybean. The high expression of TOC1 coincided with high levels of ABA. The circadian clock is a homeostatic mechanism which has evolved to maintain its period relatively constant even under varying environmental conditions which fluctuate rapidly and constantly (James et al., 2012a) . Considerable natural variation exists among circadian clock genes as revealed by the correlation between adaptation and correctly regulated circadian timing with the variation in the period, phase, and amplitude of 150 Arabidopsis accessions . Carbon fixation via photosynthesis is central to the survival and growth of plants; however, efficient use of starch reserves during the day/night cycle to drive growth and metabolism is crucial (Graf et al., 2010; Graf and Smith, 2011) . Efficient energy utilization becomes even more important when plants experience various abiotic stresses, such as low temperature, flooding, and drought, and conserve and/or enhance their energy utilization to endure or escape these environmental stresses (Xu et al., 2006; Seo et al., 2011) . Sugars produced by photosynthesis entrain circadian rhythms in Arabidopsis by regulating the gene expression of circadian clock components early in the photoperiod by defining the so-called metabolic dawn. The oscillations in the endogenous levels of sugars provide metabolic feedback to the central oscillator via PRR7 to maintain robust circadian rhythms in Arabidopsis (Haydon et al., 2013) . Furthermore, the circadian clock also controls the rate of degradation of starch and ensures continuous carbon supply during the day/ night cycle in Arabidopsis (Graf and Smith, 2011) . CCA1 and LHY are essential for the proper utilization of starch during the night because a cca1/lhy1 double mutant has a circadian period of 17 h and consequently degrades starch at faster rates. Interestingly, when grown under 17 h light/dark cycles, starch degradation in the cca1/lhy mutant leaves is almost linear and completely exhausted by the end of the 8.5 h night (correct matching of the 17 h circadian period of the cca1/lhy mutant with the 17 h light/dark cycle).
TOC1 is a transcriptional repressor and affects functioning of almost all genes in the central oscillator of the Arabidopsis clock (Huang et al., 2012) . The overlap between TOC1 and ABA-regulated genes and the gated induction of TOC1 by ABA highlights its importance in physiological responses under drought conditions (Legnaioli et al., 2009; Pokhilko et al., 2013) . Furthermore, any perturbations in TOC1 expression will have a pervasive effect on other clock and clock-related genes, in turn affecting many different pathways which confer drought or cold tolerance (Alabadí et al., 2001; Legnaioli et al., 2009; Pruneda-Paz et al., 2009; Gendron et al., 2012; Huang et al., 2012; Pokhilko et al., 2013) . In agreement with the modelling and experimental data (Legnaioli et al., 2009; Pokhilko et al., 2013) , higher concentrations of ABA were observed in the drought-tolerant line in the afternoon, probably triggering higher expression of TOC1. The model proposed by Pokhilko et al. (2013) predicts that the up-regulation of TOC1 by ABA should lengthen the circadian period. A broadening of the TOC1 peak under severe stress was observed even under long-day growing conditions (Fig. 3) . However, no decipherable period change in CAB2 expression was detected under severe stress accompanied by higher levels of ABA and TOC1 expression. ABA also regulates the peak and trough phases of stomatal aperture, and this is also in agreement with previous data from the same experiment. It was previously reported that both floodingand drought-susceptible lines showed reduced stomatal conductance and photosynthesis compared with tolerant lines, with these effects being more pronounced under drought conditions (Mutava et al., 2015) . This reduction in photosynthesis is mediated by ABA and stomatal conductance under drought stress, while under flooding stress, accumulation of starch granules played a major role. Conservation of energy by increasing starch granules is reminiscent of rice under flooding conditions, where rice plants prolong their survival through the quiescence pathway by conserving energy and slowing down their metabolism (Xu et al., 2006) . There was not much difference in glucose content between 08:00 h and 16:00 h in the drought-tolerant line under mild drought stress, whereas under severe drought the glucose content was ~40% higher at 16:00 h compared with 08:00 h. This is indicative of the fine tuning of available glucose concentration under mild and severe drought stress in the early morning and in the afternoon. As reported recently, these endogenous glucose levels affect the expression of circadian genes and mediate photosynthesis via PRR7 (Haydon et al., 2013) . It was observed that expression of PRR7 in both drought-susceptible and tolerant lines during mild stress peaked 4 h before that of the lines growing under well-watered conditions. It has already been reported that PRR7 might regulate droughtand cold-responsive genes (Legnaioli et al., 2009 ) and mediate photosynthesis by entraining circadian clock genes using fluctuations in endogenous sugar levels during the day/night cycle in Arabidopsis (Haydon et al., 2013) . GIGANTA (GI) also plays a role in circadian period determination and responses to multiple abiotic stresses (Xie et al., 2015) ; however, no expression of the soybean version of GI (Glyma09g07240) was detected in all lines and conditions tested (data not shown). Allelic diversity in GI is also responsible for naturally occurring variation in the circadian period in Brassica rapa (Xie et al., 2015) . Interestingly, natural variation in GI alleles in Arabidopsis also impacts GI sensitivity to light in the evening and its periodicity, albeit partly independent of circadian rhythms, and mediates changes in the expression of PIF4 and growth (de Montaigu et al., 2015) . Recent studies propose that circadian clock control represent hubs of important transcriptional networks, and fine tuning of these regulatory networks by mutation of individual circadian clock genes has the potential for systemic effects that produce beneficial agronomic traits/phenotypic variation (Bendix et al., 2015; de Montaigu et al., 2015; Xie et al., 2015) . Since soybean has many paralogues of clock genes with interesting interplay with sugar levels and hormones, it provides attractive prospects of fine tuning different clock paralogues or exploiting natural variation in the phase and period of these genes to develop more resilient soybean varieties for the future.
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